Atypical femoral fractures (AFF) are stress or 'insufficiency' fractures, often complicated by the use of bisphosphonates or other bone turnover inhibitors. While these drugs are beneficial for the intact osteoporotic bone, they probably prevent a stress fracture from healing which thus progresses to a complete fracture.
Introduction
The introduction of bisphosphonates into osteoporosis therapy was a great breakthrough, leading to a remarkable reduction of fracture incidence and improvement of prognosis. 1 Since the effect is caused by a reduction of bone turnover, long-term use is associated with an altered bone structure and biomechanics. 2 As a direct consequence, the occurrence of atypical femoral fractures has been described and linked to a negative side-effect of antiresorptive therapy. 3 Considering the large population benefitting from this pharmacotherapy, the incidence of this fracture entity is rather low. 4 However, the difficult diagnosis caused by initially mild symptoms and slight radiological changes combined with a problematic therapy drives the need for guidelines to be established. The treatment challenges the alertness of the orthopaedic surgeon not only regarding the kind of osteosynthesis but also the patient's medication, which should aim for avoidance of bone remodelling over-suppression. 5 Although the first encouraging steps have been made towards an evidence-based therapy, 6 the results must be interpreted with caution, considering the rareness of such an event. The purpose of this review is to give an overview on definition, pathogenesis, epidemiology, diagnosis, and stateof-the-art treatment of atypical femoral fractures, mainly following the long-term use of bisphosphonates.
Definition based on major and minor features
The diagnosis follows major and minor criteria, which were originally described by the Task Force of the American Society for Bone and Mineral Research (ASBMR) in 2010 and updated in 2014. 7 The features of atypical femur fractures are: location mainly in the subtrochanteric region and diaphysis; the lack of trauma history and comminution; and a transverse or short oblique configuration (Table 1) . Furthermore, the definition discriminates complete fractures with typical medial spikes from incomplete fractures involving only the lateral cortex, correlating with the site of the highest biomechanical stress. Minor features include radiological signs such as periosteal reaction and an increased cortical thickness, prodromal symptoms, bilateral occurrence, and delayed healing. Moreover, patients can have typical 
Pathogenesis
principally, the pathogenesis and development of atypical femur fractures follows the concept of a stress or insufficiency fracture. 7 Features such as a general transverse orientation, the lack of comminution, and the localized cortical thickening at the fracture site support this. The pathogenesis also correlates with typical clinical signs such as bilaterality, and prodromal pain. Furthermore, similar fracture types have been described in other bone diseases with decreased bone turnover such as hypophosphatasia 13 and osteopetrosis. 14 
Bisphosphonates
Bisphosphonates are widely used to prevent osteoporotic fragility fractures. The clinical effect, which is documented with level I evidence, 1 is based on the inhibition of osteoclasts. There are most likely several mechanisms contributing to the efficacy of these drugs, such as direct cytotoxicity, 15 inhibition of osteoclast attachment, 16 inhibition of osteoclast maturation, 17 and direct intracellular impacts. 18 The summary of these effects inhibits the bone turnover, which is beneficial, because degradation outweighs new bone formation with increasing age. One side-effect of the decreased osteoclast function is an impaired natural repair capacity. Therefore, the long-term use of bisphosphonates causes exponential accumulation of bone microdamage over time. 19 Furthermore, the suppression of bone turnover alters bone mineral and matrix properties by increasing mineralization. This is actually visible as an increased thickness of the cortex. The resulting augmented strength and stiffness of the bone makes the skeletal structures at the same time more brittle 20 and, therefore, more susceptible to fragility fractures. The suppressed bone turnover also increases the mean tissue age, leading to higher concentrations of advanced glycation end-products within the extracellular collagen matrix. This contributes to a raised brittleness of bone following long periods of bisphosphonate treatment 21 as well.
Other causes
Although the occurrence of atypical femoral fractures has primarily been associated with the intake of bisphosphonates, these fractures have also been described in patients with no exposure to these drugs. Recently, a fracture was reported following daily ibandronate prescribed for bone metastases in breast cancer. 22 Since the application of antiresorptive drugs in these patients is also employed in long-term settings, this phenomenon is expected to become more and more apparent and common. 23 Furthermore, in a phase III multicentre, randomized, double-blind, placebo-controlled trial, reporting data for 10-year treatment with denosumab in postmenopausal women with osteoporosis, two cases of atypical femoral fractures were identified. 24 In summary, other pharmacological treatments which decrease bone turnover apparently have the same consequences regarding the risk for this special fracture type. Additionally, other systemic diseases such as non-Hodgkin's lymphoma may cause similar structural bone changes, leading to atypical femoral fractures (AFF). 25 The occurrence of these special femoral fractures has been linked also to bone diseases such as hypophosphatasia, 26 pycnodysostosis 27 and osteopetrosis, 28 vitamin D deficiency, and rheumatoid arthritis, 7 since these diseases directly affect the bone structure in a similar way to bisphosphonates.
Other medications: glucocorticoids (GC), proton pump inhibitors (PPI)
Long-term use of both gC and ppI has been linked to a variety of side-effects, which also are related to bone metabolism. proton pump inhibitor intake changes resorption and may lead to different forms of malnutrition, which has been associated with an increased general risk of fractures. 29 Furthermore, several studies also associated AFF risk with ppI use. 30 However, there was no correlation with fracture location. 31 Similarly, long-term use of gC is known to cause osteoporosis. Recommendations include treating with calcium and vitamin D plus an additional osteoporosis medication (oral bisphosphonate preferred) in adults at moderate-to-high fracture risk. 32 Since therefore the intake of bisphosphonates is frequently combined with gC, the isolated influence of gC is still under discussion. However, the importance of both Located anywhere along the femur from just distal to the lesser trochanter to just proximal to the supracondylar flare Associated with no trauma or minimal trauma, as in a fall from a standing height or less Transverse or short oblique configuration noncomminuted Complete fractures extend through both cortices and may be associated with a medial spike; incomplete fractures involve only the lateral cortex medications in relation to the occurrence of AFF was rated by the ASBMR as high, so it was included in the definition as one of the minor criteria. 7 
Genetic mutations
Although the mechanisms of bisphosphonate action have a probable connection to atypical femur fractures, it remains unclear why this complication affects only some patients. Therefore, the search for underlying genetic predispositions is ongoing. Based on a whole-exome sequencing, a ggpS1 mutation was related to susceptibility to bisphosphonate-related atypical femoral fractures. 33 Furthermore, genetic variants coding for collagen type I (COL1A2) were also suggested to account for a possible genetic susceptibility to these fractures. 34 Since atypical femoral fractures occur in a variety of other situations, further forms of predisposition are likely to be discovered in future. Recently, the case of an 18-year-old patient with juvenile osteoporosis based on X-linked osteoporosis due to a pLS3 mutation was reported, who developed a low trauma femoral fracture after a nine-year period of bisphosphonate use. 35 
Epidemiology and predisposing factors
The relative risk of patients with atypical femoral fractures taking bisphosphonates is high; however, the absolute risk of these fractures in patients on bisphosphonates is low, ranging from 3.2 to 50 cases per 100,000 personyears. Long-term use may be associated with higher risk of about 100 per 100,000 person-years. 7 In a Korean multicentre study, bone mineral density, prodromal symptoms, and medication history for osteoporosis were retrospectively analysed in 76 cases of atypical femoral fracture. 4 Twenty-two patients (28.9%) suffered from prodromal symptoms, 43 (56.5%) had delayed fracture union, and bilateral femoral fractures developed in 23 (30.2%). Besides prolonged and continuous use of bisphosphonates, long-term use of glucocorticoids, and a higher body mass index (BMI) were identified as risk factors predisposing to atypical femur fractures. 38 Moreover, aspects with an influence on biomechanics such as anterolateral femoral bowing and loss of thigh muscle seem to have an influence on the occurrence of these fractures. 39 
Evaluation and diagnosis

Incomplete and complete fractures
The characteristic features of AFF, including 'the dreaded black line' have been noticed in patients receiving bisphosphonate therapy, 40 and comparison of different features eventually led to the definition provided by the ASBMR in 2010. 7 This is very helpful in cases of complete fracture, but impending fractures must also be diagnosed and treated before they become complete.
Recognizing impending fractures is challenging and requires a high index of suspicion for any patient with a history of osteoporosis, especially, but not exclusively, if currently or recently treated with bisphosphonates or other prophylactic medication and complaining of thigh or groin pain, even if they received treatment for only a brief period. When suspicious of incomplete AFF, careful radiographic exploration for features suggestive of impending fractures on hip and pelvic radiographs should occur. In patients with a complete fracture, the contralateral side should also be radiographed and carefully inspected for transverse fracture lines in lateral cortex, beaking and other characteristic signs of atypical femoral fracture (Fig. 1) , since 40% or more have bilateral involvement. 41 The sensitivity and specificity for these signs are generally high, especially for transverse fracture lines, lack of comminution and localized periosteal or endosteal thickening of the lateral cortex ('beaking'). 42 In cases with normal radiographs on the contralateral side, but where there is still clinical suspicion, computed tomography (CT) should be considered, since fracture lines, not visible on radiographs, might be diagnosed. Lee et al 36 have shown that patients with a subsequent AFF have a thicker lateral cortex in the subtrochanteric region of the femur on CT before the fracture event, than bisphosphonate (Bp) users who did not sustain a femoral fracture, and than Bp-naïve patients. Thus, CT might be used for the early detection of AFF in long-term Bp users. periosteal and endosteal oedema can be visible using magnetic resonance imaging (MRI) and might also be indicative of an impending fracture and might be used in conservative follow-up of impending fractures. 43 
Femoral morphology
The first manifestation of radiological changes related to atypical femur fractures are visible at the lateral cortex, the location with the highest bending stress. Quantitative CT analyses are able to show that long-term users of bisphosphonates with a subsequent fracture have a thicker subtrochanteric lateral cortex with a higher bone mineral density compared with patients who did not sustain a femoral fracture. 36 This is associated with a higher lateral femoral bowing angle with a vertex located at the site of the later subtrochanteric fracture. 37 
Histological and micro-CT
Micro-CT scanning and histological evaluation of biopsies from patients with atypical femur fractures or from a sheep model of fatigue fracture demonstrated a higher diameter of Haversian canals and diffuse microdamage as a result of higher local stresses and reduced natural repair capacity. 8, 9 Atypical manifestations usually, the term atypical femoral fracture is reserved for the untreated bone. 7 However, the criteria leading to the definition can also be fulfilled in peri-prosthetic femoral fractures. 10, 11 Furthermore, some authors have suggested that manifestation is also possible in the intracapsular part of the femur neck. 12 
Prophylactic treatment
Impending fractures, as defined by the ASBMR, have an elevated risk of progressing to a complete fracture, as high as 28.3% within six months after diagnosis. Subtrochanteric location, functional pain and a radiolucent line of more than 50% of the lateral cortex were identified as risk factors for occurrence of a complete fracture. 44 prophylactic surgical treatment with cephalomedullary nail seems to be effective, both in preventing progression to complete fracture and in reducing hospital stay. 45 It also seems that fractures heal faster when treated surgically. 46 progression to complete fracture and pain refractory to non-surgical treatment reduce the success rate of nonsurgical treatment of incomplete fractures to approximately 50%. 46 The ASBMR recommends that patients with incomplete fractures and no pain, or those with periosteal thickening but no cortical lucency, should limit weight-bearing and avoid vigorous activity. Reduced activity should be continued until there is no bone oedema detected on an MRI or no increased activity detected on a bone scan. 7
Surgical treatment and complications
Cephalomedullary nailing (Fig. 2) is the preferred method for surgical fixation of complete and incomplete AFF. 5, 47 However, plate fixation and other methods may come into consideration depending on fracture location. It should be kept in mind that a greater percentage of fractures treated with plate fixation (31.3%) require revision surgery than fractures treated with intramedullary nailing (12.9%). 5 Several studies show increased healing time for AFF. Lee et al 48 showed that only 63% of 46 fractures healed within six months, but 95.7% subsequently healed without any further surgery. Egol et al 46 found 98% healing within 12 months of surgical treatment, almost two-thirds returned to self-reported baseline function. The same study also found that malreduction was associated with delayed healing. Other studies have not been able to achieve the same high healing rate. A recent review by Koh et al 5 including 733 patients with 834 fractures showed an overall healing rate of 85% and a revision rate of 12.6%.
Lim et al 49 tested 46 variables for association with healing time longer than six months or non-union. High BMI and subtrochanteric fracture location were significantly associated with delayed healing time, but these factors are not controllable. More interesting was that delayed union or non-union was significantly associated with postoperative gaps at the fracture site, primarily at the lateral or anterior cortex (Fig. 2) .
Failing to restore the anatomical neck-shaft angle, when reducing and fixing AFF, has also been shown to cause significant longer healing time. 50 In cases of excessive bowing, anatomical reduction might require special techniques or implants. 51 Iatrogenic intraoperative fractures and implant failures are also more frequent compared with typical femur fractures. 52 The literature suggests that surgical treatment of AFF is more complex than that of typical femoral fractures, healing time is prolonged and reduction and surgical technique is more demanding, leaving little room for error.
Medical treatment and other options
For patients with AFF in either form, a stress reaction, stress fracture, incomplete or complete subtrochanteric or femoral shaft fracture, bisphosphate or other potent antiresorptive agents should be discontinued. Dietary calcium and vitamin D status should be assessed, and adequate supplementation prescribed. 7 Simple fixation without optimizing bone metabolic profile and stopping any possible influencing factors may prevent healing 53 and even cause failure in these cases. 54 Whether the antiresorptive agents should be discontinued permanently or could be resumed after a 'drug holiday' 55 of three to five years is unknown.
Teriparatide (TpTD), a recombinant form of parathyroid hormone (pTH), enhances bone healing in patients with delayed healing or non-union and is, in theory, a good option for supplement treatment in patients with bisphosphonate-associated AFF, since bone turnover is suppressed in these cases. There is only limited clinical evidence on the use of TpTD 56 in treatment of AFF, and while anecdotal evidence of the beneficial effect exists, there are also anecdotal case reports of TpTD failure to prevent AFF. 54 So TpTD's role in the treatment of AFF is still unknown and it should not be used routinely.
The use of low-intensity pulsed ultrasound (LIpuS) 57 and bone marrow aspirate concentrate 58 has been reported in small retrospective series and case control series, but evidence is still too limited to conclude any beneficial effect.
Conclusions
Atypical femoral fractures (AFFs) located in the subtrochanteric region and diaphysis of the femur have been reported in patients taking bisphosphates and other antiresorptive drugs, but they also occur in patients with no exposure to these drugs. It seems that these fractures follow the concept of a stress or insufficiency fracture, often complicated by the use of bisphosphonates or other bone turnover inhibitors. The diagnosis follows major and minor criteria, which were originally described by the Task Force of the American Society for Bone and Mineral Research (ASBMR). The risk of suffering a fracture is very low, even after long term use of bisphosphonate, but the diagnosis should lead to discontinuation. The treatment of complete and incomplete fractures is surgical fixation in most cases; observation is recommended only in cases where there is no pain. Further studies on optimal treatment of incomplete fractures and antiresorptive treatment after AFF are still needed.
Take-home messages
• The diagnosis of 'atypical femoral fracture' should be made according to ASBMR criteria ( 
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